Over the last two years, several experiments, relevant for the study of particle transport and density profile evolution, have been performed on JET. They can be classified as stationary discharges with and without central particle source due to the beams, quasi-stationary discharges with deuterium gas puffing, deep pellet fuelled discharges and discharges perturbed by cold pulses obtained by shallow pellet injection. All these experimental scenarios have been simulated by means of the JETTO transport code, employing different transport models: purely empirical models, the semiempirical mixed Bohm/gyro-Bohm transport model, both with the addition of different theorybased expression for the anomalous particle pinch and the first principle Weiland transport model.
INTRODUCTION
Particle transport and mechanisms leading to a given density profile are key issues to understand results from present experiments and to design next generation devices.
In particular the existence of an anomalous pinch velocity on top of the neo-classical Ware pinch has been the object of theoretical and experimental activity over the past years.
In some cases (like, for example, ASDEX-U) the analysis of the experimental results seems to indicate that the Ware pinch alone could be responsible for the observed peaking of the density profile [1] . On the other hand other experiments performed on Tore-Supra, featuring completely non-inductive plasma current and zero toroidal electric field and where, therefore, there is no Ware pinch, show a significant peaking of the density profile, which suggests that an anomalous pinch should be at work [2, 3] . Electron density profiles peaked inside the depth of the ionization source have been observed also on DIII-D, TCV and TEXTOR [4, 5] . An anomalous pinch velocity is predicted by theories describing transport induced by turbulence due to Ion Temperature Gradient (ITG) and Trapped Electron (TE) modes [6, 7, 8, 9] .
In order to investigate this subject, a variety of shots, relevant for the study of particle transport and density profile evolution, performed on JET during the last experimental campaigns, has been selected in order to systematically cover a set of experimental scenarios as completely as possible.
The JETTO transport code has been used with purely empirical, semi-empirical and physics-based diffusion models to analyze and simulate the selected discharges.
This paper presents the results of these simulations and compares them with experimentally determined profiles. The paper is organized as follows: a description of the different experimental scenarios simulated is given in section 2, in section 3 the models used in the simulation are described, in section 4 the results of the simulations are presented, in section 5 there is a discussion of the modelling work and in section 6 conclusion are drawn.
DESCRIPTION OF THE SHOTS ANALYZED
The experimental scenarios analyzed are classified as follows:
• stationary, radio-frequency (RF) only heated discharges, without central particle source (beam fuelling), • quasi-stationary or slowly evolving discharges with moderate gas puffing [10] and • pellet fuelled discharges both strongly perturbed by deep pellet injection [11] and moderately perturbed by shallow pellet [12] .
The discharges analyzed are summarized in table 1: Pulse No. 51034 is a stationary, RF only heated, low density, L-mode plasma. It is the simplest case to simulate because of the absence of uncertainties on the sources in the plasma core.
Pulse No: 49030 is a deep pellet fuelled, high density, L-mode plasma. The pellet injection frequency was 5 Hz whereas the LIDAR Thomson scattering sampling frequency was 4 Hz. This allows a reconstruction of the post-pellet density profile evolution with 50 ms time resolution. This is a scenario somewhat more complicated than that of shot 51034, because it is transient and there is the need to simulate the pellet effect.
Pulse No: 55804 is an L-mode plasma where a shallow pellet was injected to generate a cold pulse and study its propagation.
Pulse No: 51084 is also an L-mode plasma with shallow pellet injection, however in this case the target discharge was an optimized shear plasma, with a flatter q-profile than Pulse No: 55804 [12] .
Pulse No: 52961 is a neutral beam heated, high density, sawtoothing, ELMy H-mode plasma. In this particular case the beam power was not high enough to maintain the sawteeth activity. Therefore the density profile remains stationary until the sawteeth are lost because of the relatively low beam power. Then the peaking of the density profile starts to increase due to the central beam particle source and finally the plasma disrupts. Deuterium puffing (2. 
DESCRIPTION OF THE MODELS USED
The discharges described in the previous section have been simulated by means of the JETTO transport code. Three kind of transport models have been tested: purely empirical transport models, the semi-empirical mixed Bohm/gyro-Bohm transport model [13] and the first principle Weiland's model [14] , based essentially on transport induced by ITG and trapped electron modes.
In the purely empirical simulation the diffusion coefficient profiles are prescribed using the analytical formula:
where D 0 and D α are the centre and edge value of the diffusion coefficient and ρ is the normalized radius.
In the mixed Bohm/gyro-Bohm transport model, the electron and ion thermal conductivity are linear combination of a Bohm like and a gyro-Bohm like term:
the particle diffusion coefficient is obtained as:
where S(r) is a weight function such as S(0) = 1.0 and S(a) = 0.3.
As already said particular attention was paid to the effect of an anomalous particle pinch velocity V.
Both in the purely empirical and in the mixed Bohm/gyro-Bohm models this was introduced according to the expressions: It is worth noting that when the total flux is written as Γ = -D∇n+Vn, a negative V corresponds to an inward pinch.
The justification for using such expressions comes from the evaluation of the radial particle flux due to ITG and TE modes [6, 7] which predicts convective terms proportional to D and ∇T/T or ∇q/q. A different theory known as turbulence equipartition [8] , based on the conservation of the product n(r)q(r) along the plasma minor radius, also implies that a convective term proportional to ∇q/q should appear in the particle flux.
In the version of the Weiland model employed in this study passing electron are considered adiabatic. Equations are solved for the trapped electron temperature and for the main and impurity ion density and temperature. A further equation for the parallel component of the vector potential A k takes into account electromagnetic effects. The growth rates of the ITG and TE modes are calculated for each point of the radial mesh. Then the transport is summed over the unstable modes and an estimate of the saturated amplitude of the modes is used to build the transport matrix [14, 15] .
Here the convective particle flux is introduced in the code by the presence of off-diagonal elements in the transport matrix, containing terms depending on ∇n/n, ∇T/T and ∇B/B. In all cases, whenever the energy sources were available, complete simulations have been performed for electron density and electron and ion temperature. However the analysis of the density behaviour has been emphasized and the agreement between simulated and measured density profiles has been optimized. Nevertheless the reproduction of the temperature behaviour is also satisfactory, although a systematic tendency to underestimate the central temperature for the mixed Bohm/gyroBohm model and of overestimate it for the Weiland model is observed. On the other hand simulations have been done for the density alone prescribing the experimental behaviour of both electron and ion temperature, when available, and the results did not show substantial differences when compared with the cases when both density and temperature were simulated.
As to impurities, they are treated in JETTO interpretatively. In fact, the experimental Z eff profile and dominant impurity species are specified and used throughout the simulation.
SIMULATION RESULTS
As the results show some differences the analysis of the L-mode is presented first, whereas the simulations of the H-mode plasmas are described separately. It is worth nothing, however, that both models predict an inward propagation and a relaxation of the pellet density perturbation slightly faster than that observed experimentally. This may indicate at least that either the profiles of the particle diffusion coefficient provided by the models are not completely adequate to describe all the details of the post-pellet density evolution or the hypothesis of c T and c q constant in time is too strong and has to be relaxed. This will be the object of future investigation. Figures 5 and 6 show the results for the first case with shallow pellet injection. In figure 5 the simulated values of volume average and on-axis density for different runs are plotted and compared with the LIDAR Thomson scattering experimental measurements [17] . It is interesting to note that, experimentally, the increase in the on-axis density is seen to last for the 100-250 ms after the pellet injection. To complement this information, in figure 6 has therefore been assumed on both these parameters.
L-MODE

H-MODE
Simulation results for Pulse No: 52961 are presented in figures 9 and 10. As before, since the density is slowly evolving in time the time evolution of the profiles is shown. It can be seen that, for this kind of plasmas, the Weiland's model gives good agreement with the experimental profiles, particularly in the gradient zone (0.5 ≤ r/a ≤ 0.9), whereas the mixed Bohm/gyro-Bohm model tends to produce a more box-shaped profile. The anomalous pinch velocity has been introduced in the mixed Bohm/gyro-Bohm model in the same way as in the L-mode discharges previously analyzed.
However, in this case, the pinch velocity is one order of magnitude smaller than in the L-mode plasma and is comparable with the Ware pinch. Therefore the results of the simulations do not depend dramatically on whether an anomalous pinch is taken into account or not. This is a consequence of the fact that V is proportional to D and that, in H-mode, the particle diffusion coefficient is almost an order of magnitude smaller than in L-mode. A final comment can be made on the balance between the flattening of the density profile due to the sawteeth activity and the particle source due to the beams.
It can be seen that the sawteeth are responsible for the flattening of the density profile in the plasma centre (for the shots analyzed here the mixing radius was r/a ≈0.5) and that, when they are switched off at t = 61:75 s in the simulation to reproduce the experimental behaviour, the beam source alone can account for the central density increase. The reason for this behaviour is still unclear and will be the object of future investigation. However some differences in parameters relevant for ITG and TE stability and which could be responsible for this results can be noticed. Beside the heating scheme, which can modify the ratio pi=pe between power deposited in the ion and electron channels respectively, Z eff is different between the two kinds of Pulse No's, being ≈1.5 for Pulse No's: 52961 and 52979 and ≈ 2.5 for Pulse No. 47744 and collisionality is also a factor of 5 larger in Pulse No's 52961 and 52979 than in Pulse No. 47744.
SUMMARY AND DISCUSSION
From the results presented in the previous section the following picture emerges: an anomalous pinch velocity is needed to reproduce the behaviour of the density profiles in the shots considered. with all the off-diagonal elements of the transport matrix) to reproduce the experimental profiles. It can be noted that the values of c T and c q vary from case to case. Plotting both c T and c q as a function of ν* (see figure 13) , it can be argued that the values of c T and c q , and therefore the effect of the anomalous pinch, tend to increase at low collisionality, in qualitative agreement with what has recently been found in ASDEX upgrade [20] . This would suggest that the stabilizing effect of collisions on TE modes reduces the effect of the anomalous pinch.
The analysis of the H-mode plasmas seems to confirm the trend identified in L-mode, at least as far as NBI heated plasmas are concerned. Both the mixed Bohm/gyro-Bohm model with no or little pinch velocity and the Weiland model reproduce the experimental results. In H-mode however the anomalous pinch is of the order of the neo-classical Ware pinch because turbulence is reduced and the diffusion coefficients are smaller than in L-mode. There are however exceptions when mainly RF-heated discharges are taken into account. In this case the mixed Bohm/gyro-Bohm model continues to work, but the Weiland model breaks down and gives too peaked density profiles. It is unlikely that the sawteeth activity is responsible for the difference because it was similar in all the H-mode plasmas analyzed. Likewise collisions are not a strong candidate to explain this discrepancy, because, if they were, the effect of the pinch due to TE modes should be larger at low collisionality.
Instead the shot with lower ν* (47744) shows flatter density profiles than the other two (52961 and 52979). A role might be played by both Z eff and the ratio p i /p e , which are different in the two kinds of shot analyzed, but a clear answer is still missing insofar and this point will be the subject of future analysis.
CONCLUSIONS
Particle transport and density profile behaviour have been simulated for different JET plasmas with the JETTO code using the mixed Bohm/gyro-Bohm and the Weiland transport model. The main conclusions regard in general the particle diffusion mechanisms at work and in particular the existence of an anomalous convective particle flux.
In the plasma centre (r/a ≤ 0.5) the sawteeth activity is the main particle diffusion mechanism. In the gradient region (0.5 ≤ r/a ≤ 0.9) the Weiland model simulates the density profiles better than the mixed Bohm/gyro-Bohm model. Moreover, in this region, an anomalous pinch proportional to ∇q/ q in the Bohm/gyro-Bohm model is necessary to reproduce the experimental observations. This anomalous convective flux, being proportional to D, is evident in L-mode plasmas and reduces to Pulse No. 51034
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